Pancreatic endocrine tumours (PETs) are rare and heterogeneous neoplasms, often diagnosed at metastatic stage, for which no cure is currently available. Recently, activation of two pathways that support proliferation and invasiveness of cancer cells, the Src family kinase (SFK) and mammalian target of rapamycin (mTOR) pathways, was demonstrated in PETs. Since both pathways represent suitable targets for therapeutic intervention, we investigated their possible interaction in PETs. Western blot and immunofluorescence analyses indicated that SFK and mTOR activity correlate in PET cell lines. We also found that SFKs coordinate cell adhesion and spreading with activation of the mTOR pathway in PET cells. Live cell metabolic labelling and biochemical studies demonstrated that SFK activity enhance mTOR-dependent translation initiation. Furthermore, microarray analysis of the mRNAs associated with polyribosomes revealed that SFKs regulate mTOR-dependent translation of specific transcripts, with an enrichment in mRNAs encoding cell cycle proteins. Importantly, a synergic inhibition of proliferation was observed in PET cells concomitantly treated with SFK and mTOR inhibitors, without activation of the phosphatidylinositol 3-kinase/AKT pro-survival pathway. Tissue microarray analysis revealed activation of Src and mTOR in some PET samples, and identified phosphorylation of 4E-BP1 as an independent marker of poor prognosis in PETs. Thus, our work highlights a novel link between the SFK and mTOR pathways, which regulate the translation of mRNAs for cell cycle regulators, and suggest that crosstalk between these pathways promotes PET cell proliferation.
Introduction
Pancreatic endocrine tumours (PETs) are heterogeneous neoplasms in terms of histological features, tumour behaviour and clinical picture (Metz & Jensen 2008) . Although PETs are generally considered rare neoplasms, their incidence has almost doubled in the last 20 years (Fitzgerald et al. 2008) . PETs represent w1% of all pancreatic cancers by incidence, but 10% by prevalence (Yao et al. 2007) , and are one of the most challenging forms of neuroendocrine tumours (NETs), with a worse prognosis compared with gastrointestinal carcinoids (Panzuto et al. 2005) . Most PETs present with metastases at diagnosis and are not amenable for surgery, which remains the only curative therapeutic approach. Medical treatments with somatostatin analogues and genotoxic agents are currently in use for PETs that cannot be approached by surgery, due to advanced locoregional disease or metastases. However, the efficacy of somatostatin analogues in inhibiting tumour growth is limited , whereas traditional genotoxic agents are not the ideal therapy for PETs because of their generally low proliferation rate. In this scenario, new strategies are required to face the therapeutic challenge represented by well-differentiated progressive, advanced PETs and novel 'targeted' approaches are under evaluation (Capurso et al. 2009 ).
Members of the Src family kinases (SFKs) are overexpressed in progressive, advanced PETs , setting the ground for further investigation of these kinases in PET cells. SFKs are non-receptor tyrosine kinases activated in response to mitogenic stimuli. SFKs regulate cell proliferation, adhesion and motility (Frame et al. 2002 , Bromann et al. 2004 , and are frequently activated in human cancers, contributing to their malignancy and metastatic phenotype (Mao et al. 1997 , Paronetto et al. 2004 , Koliopanos et al. 2008 . Importantly, Src is highly expressed in PETs, and its inhibition strongly impairs PET cell adhesion, spreading and migration (Di Florio et al. 2007) .
SFKs translocate from perinuclear sites to the cell periphery in response to various stimuli. They interact with and phosphorylate proteins involved in remodelling of podosomes, lamellipodia and focal adhesion, thereby directly regulating cell attachment to the matrix and spreading (Frame et al. 2002) . Adhesion also sets in motion other processes that are likely required to support cell proliferation or survival in the new environment. For instance, it induces mRNA translation through activation of the mammalian target of rapamycin (mTOR) serine/threonine kinase (Gorrini et al. 2005) . However, whether adhesion-induced activation of protein synthesis relies on SFKs and if it promotes cancer cell proliferation or invasion is currently unknown.
mTOR plays a critical role in signalling pathways triggered by activation of phosphatidylinositol 3-kinase (PI3K) and protein kinase B (AKT), thereby regulating cell growth and death (Averous & Proud 2006) . mTOR is frequently activated in cancer cells and several oncogenes, such as PI3K and AKT, or tumour suppressors, such as PTEN, NF1A, LKB1 and the TSC1/TSC2 complex, rely on regulation of mTOR activity for cell transformation (Meric-Bernstam & Gonzalez-Angulo 2009) . The oncogenic activity of mTOR involves its role in protein synthesis, through phosphorylation of substrates required for ribosomal biosynthesis and mRNA translation, such as the ribosomal S6 kinase (S6K), the translation initiation factor eIF4B and the translation inhibitor 4E-BP1 (Hay & Sonenberg 2004) . The implication of mTOR in proliferation control has stimulated studies aimed at interfering with its activity in cancer cells (MericBernstam & Gonzalez-Angulo 2009) . Importantly, NETs are among the diseases for which mTOR targeting seems promising, as suggested by the relationship existing between alterations in the mTOR pathway and development or prognosis of NETs (Capurso et al. 2009 , Missiaglia et al. 2010 , Jiao et al. 2011 .
In this study, we have investigated the possible link between the SFK and mTOR pathways in PETs. We found that activation of Src during cell adhesion stimulates mTOR activity, protein synthesis and translation of mRNAs for cell cycle proteins. Importantly, pharmacological inhibition of mTOR caused activation of Src, whereas concomitant inhibition of SFKs and mTOR activities exerted a synergistic effect on PET cell proliferation. These results suggest an interesting link between these pathways in the regulation of PET cell growth.
Materials and methods
Cell culture and transfection QGP-1 and CM cells were grown as described (Di Florio et al. 2007) . BON-1 cells were grown in DMEM-F12K (1:1) with 10% FBS. HEK293T were grown in DMEM supplemented with 10% FBS. pEGFP-Src wild-type (WT) and kinase-dead (KD) vectors were obtained by subcloning the EcoRI/BamHI Src fragment from pSGT-SrcKD and pSGT-SrcWT in pEGFP C1 (Clontech). Transfections were performed by lipofectamine 2000 (Invitrogen). 300 pmol of SMART POOL siRNA for Src or control siRNAs (Dharmacon RNA Technologies, Lafayette, CO, USA) were transfected using Oligofectamine (Invitrogen).
Protein extraction from tissue samples
Freshly frozen tissue blocks of PET samples (primary lesions) from six patients undergoing surgery were obtained from the Pathology Unit, University of Verona, after ethics approval. After histological evaluation, tissues with neoplastic cellularity O80% were employed. Subsequent sections from the same frozen tissue were left unstained and used for protein extraction using the AllPrep DNA/RNA/Protein mini Kit (Qiagen). As controls, proteins were also extracted from the pancreatic adenocarcinoma cell line PSN1 (Moore et al. 2001) and from a normal pancreas. Polysome separation and extraction of RNA Cell extracts were prepared as described (Paronetto et al. 2006 ). An aliquot of each fresh lysate was used for western blot analysis and an aliquot was extracted with TRIZOL (Invitrogen) as a source of total RNA. The remaining extracts were loaded onto a 15-50% linear sucrose gradient (Paronetto et al. 2006) . After ultracentrifugation, gradients were collected in ten fractions of 1 ml each, starting from the bottom. Fractions 1-4, containing the polyribosomes, were pooled for subsequent analyses. RNA was isolated with RNeasy Mini Kit (Qiagen), diluted in RNase-free water (Sigma-Aldrich) and immediately frozen at K80 8C for further analysis.
GeArray cancer biomarkers
Polysomal RNA was used as template to generate biotin16-UTP-labelled cRNA probes using the True Labelling Kit (Superarray, Inc., Bethesda, MD, USA). The cRNA probes were hybridised at 60 8C with the SuperArray Cancer Biomarkers membranes and signals were revealed using the SuperArray Detection Kit. Data were analysed by densitometry using the Scanalyze Software and following the manufacturer's instruction (Stanford Computer Graphics Laboratory, Stanford, CA, USA). 
GTP-sepharose chromatography
Cell extracts were prepared as described (Bianchini et al. 2008 ) and incubated for 2 h at 4 8C with 7-methyl-GTP sepharose (Amersham) under constant shaking. Beads were washed three times with lysis buffer and absorbed proteins were eluted in SDS-PAGE sample buffer.
Immunofluorescence analysis
PET cells were processed for indirect immunofluorescence analysis as described previously (Paronetto et al. 2006) , using a-phalloidin antibody (1:200, SigmaAldrich), rabbit a-Src antibody (1:50; Santa Cruz, Milan, Italy), rabbit a-pSer235/236 rpS6 and rabbit a-pSer45 4E-BP1 (1:100; Cell Signalling, Danvers, MA, USA) and, as secondary antibodies, with FITCconjugated donkey anti-rabbit (1:200); cy3-conjugated donkey anti-rabbit (1:100; Jackson Immunoresearch, Bar Harbor, ME, USA). Hoechst dye (0.1 mg/ml; Sigma-Aldrich) was added for the last 10 min. Slides were mounted in Mowiol 4-88 (Calbiochem, Darmstadt, Germany).
Immunohistochemistry
Immunohistochemistry (IHC) was performed on a paraffin-embedded tissue microarray (TMA) containing 31 primary non-functioning, resected PETs and two normal pancreas samples spotted in triplicate, as described previously (Missiaglia et al. 2010) . Detailed clinical and histopathological data for each patient had been recorded in a dedicated electronic database (Missiaglia et al. 2010) 
Results

SFKs modulate mTOR activity in PET cell lines
To test whether a correlation exists between SFK and mTOR activity in PET cell lines, we examined the phosphorylation status of relevant proteins in their pathways. Phosphorylation of Src in tyrosine 416, which correlates with its activation, was higher in QGP-1 and BON-1 cells with respect to CM cells (Fig. 1A) . For the mTOR pathway, we calculated by densitometry the ratio between phosphorylated versus total protein for 4E-BP1, a direct mTOR substrate, and ribosomal protein rpS6, an indirect mTOR target (Hay & Sonenberg 2004) . Interestingly, we found that the phosphorylation status of both 4E-BP1 and rpS6 was also higher in QGP-1 and BON-1 cells than in CM cells (Fig. 1A) . These results suggested a possible correlation between SFK and mTOR activities in PET cell lines. To test this hypothesis, QGP-1 and BON-1 cells were treated for 4 h with two doses (3 and 10 mM) of the SFK inhibitor PP2. As shown in Fig. 1B , inhibition of SFK activity caused a decrease in phosphorylation of both 4E-BP1 and rpS6, further indicating a role for SFKs upstream of mTOR in these PET cell lines.
SFKs trigger activation of the mTOR pathway during PET cell adhesion
Src is activated during PET cell adhesion and spreading on the extracellular matrix (Di Florio et al. 2007) . Since activation of mTOR-dependent protein synthesis occurs during adhesion of some cell types (Gorrini et al. 2005) , we asked whether mTOR was activated in a Src-dependent manner during QGP-1 cell adhesion. Phosphorylation of rpS6 and 4E-BP1, monitored by the levels of the slower migrating forms (b and g in Fig. 2A ), was elevated during adhesion. Densitometric analysis of rpS6 phosphorylation pointed out that mTOR was maximally activated after 30 min (Fig. 2B) . By contrast, when cells were treated with the SFK inhibitor PP2, phosphorylation of both rpS6 and 4E-BP1 was almost completely suppressed throughout the time course of the experiment ( Fig. 2A and B) . Treatment of QGP-1 cells in suspension with PP2 reduced the basal phosphorylation of extracellular regulated kinases (ERKs) and AKT, which may account for the lower levels of phosphorylation of mTOR targets observed before adhesion ( Fig. 2A) . Nevertheless, phosphorylation of ERKs and AKT upon adhesion was delayed but not abolished by inhibition of SFK activity, suggesting a more direct effect of SFK on mTOR during adhesion. Inhibition of the mTOR pathway by PP2 treatment directly correlated with inhibition of cell adhesion and spreading, as visualised by staining of the actin cytoskeleton ( Fig. 2C ) and by cell count (Supplementary figure 1A , see section on supplementary data given at the end of this article). The effect of PP2 on phosphorylation of mTOR targets was dose-dependent (Supplementary figure 1B, see section on supplementary data given at the end of this article) and specific, because its inactive analogue PP3 was ineffective ( Fig figure 1D , see section on supplementary data given at the end of this article). Src was likely responsible for this effect, because inhibition of the mTOR pathway during QGP-1 cell adhesion could be achieved by RNAi depletion of endogenous Src ( Fig. 2D and E).
Depletion of Src or its pharmacological inhibition also impaired PET cell adhesion ( Fig. 3A and Supplementary figure 1A, see section on supplementary data given at the end of this article; Di Florio et al. 2007) . To rule out the possibility that mTOR is activated during adhesion independently of Src, we 
Src locally activates the mTOR pathway at the cell periphery during adhesion
Src is enriched in the plasma membrane near sites of actin cytoskeleton turnover during cell spreading (arrows in Fig. 3A) . A fraction of the translation factors regulated by mTOR is also localised at the cell periphery, in close proximity to microtubules and focal adhesion sites (Willett et al. 2006) . Thus, we asked whether Src activity played a role in localised activation of the mTOR pathway. Phosphorylation of rpS6 was strongly enriched in the membrane protrusions at the cell periphery in adhering QGP-1 cells (Fig. 3B) . Most cells treated with PP2 did not spread even after prolonged attachment to the substrate (Fig. 2C) . Nevertheless, in cells that spread after 1 h in the presence of PP2, the peripheral enrichment of p-rpS6 was abolished, whereas staining in the cell body was largely maintained (Fig. 3B) . By contrast, treatment with rapamycin completely abolished p-rpS6 throughout the cell (Fig. 3B) . Phosphorylation of p-rpS6 in the membrane protrusions was likely due to activation of Src, as it was similarly inhibited by RNAi depletion of the endogenous protein (Fig. 3C , Supplementary figure 3A, see section on supplementary data given at the end of this article). These results suggested that Src activity locally sustains activation of the mTOR pathway at the cell periphery.
To interfere with Src activity by a different means, QGP-1 cells were transfected with a construct encoding GFP-SrcKD. This mutant displayed dominant-negative activity and inhibited cell adhesion, whereas GFP-SrcWT promoted it (Supplementary figure 3B, see section on supplementary data given at the end of this article). Moreover, GFP-SrcKD overexpression reduced rpS6 and 4E-BP1 phosphorylation, in HEK293T cells (Supplementary figure 3C, see section on supplementary data given at the end of this article). We observed that p-rpS6 was enriched in plasma membrane districts where GFP-SrcWT was also accumulated in adhering QGP-1 cells (Fig. 3D) . By contrast, in cells overexpressing GFP-SrcKD, localisation of p-rpS6 in these peripheral sites was lost, whereas staining in the rest of the cell body was not sensibly affected. Similar results were also Endocrine-Related Cancer (2011) 18 541-554
www.endocrinology-journals.org observed with phosphorylation of 4E-BP1 (Supplementary figure 3D , see section on supplementary data given at the end of this article), confirming that activation of Src stimulates the mTOR pathway at peripheral sites of actin cytoskeleton turnover.
SFK activity regulates protein synthesis during PET cell adhesion
The oncogenic role of mTOR is mainly attributed to regulation of cap-dependent mRNA translation (Averous & Proud 2006 Smethionine incorporation (Fig. 4A and Supplementary figure 4A , see section on supplementary data given at the end of this article). This result was confirmed also by a different approach. QGP-1 cell extracts were fractionated on sucrose gradients to separate the translationally active polyribosomes (polysomes) from the monosome (80S) and the ribonucleoprotein (RNP) fractions (Fig. 4B ). Cells treated with PP2 showed a strong reduction in the polysome peaks and a corresponding increase in the monosome fraction at both 60 and 120 min, confirming the reduced mRNA translation rate. These results indicated that SFK activity modulates protein synthesis in QGP-1 cells.
mTOR regulates translation through assembly of the eIF4F complex on the 5 0 -terminal m 7 G cap of the mRNA (Richter & Sonenberg 2005) . eIF4F comprises the cap-binding protein eIF4E, the scaffold protein eIF4G and the eIF4A helicase. Phosphorylation of the inhibitory eIF4E-binding protein 4E-BP1 by mTOR causes its dissociation from eIF4E and promotes recruitment of eIF4G (Richter & Sonenberg 2005) . Pull-down assays with m 7 GTP-sepharose beads, which mimic the mRNA 5 0 -cap, showed that eIF4E associated with eIF4G to form an active eIF4F complex in control QGP-1 cells undergoing adhesion. However, when SFK activity was inhibited by PP2, eIF4E was preferentially associated with the inhibitory protein 4E-BP1, with only residual binding to eIF4G (Fig. 4C ). This result shows that regulation of the mTOR pathway by SFK controls formation of the eIF4F complex and might affect mRNA translation.
SFK activity controls translation of a subset of mRNAs during QGP-1 cell adhesion
To investigate whether translation of specific mRNAs is modulated by SFKs, we isolated mRNAs from the polysome fractions of adhering QGP-1 cells (see absorbance profiles in Fig. 4B ). Purified mRNAs were hybridised with microarray membranes containing 440 genes that are frequently deregulated in cancer. We identified 49 mRNAs whose translation is sensitive to SFK activity ( Fig. 5A and Supplementary figure 4B , see section on supplementary data given at the end of this article). Among these transcripts, there was an enrichment in mRNAs encoding cell cycle proteins (Fig. 5B and Supplementary figure 4C , see section on supplementary data given at the end of this article). Microarray data were validated by PCR analysis for cyclin D1, cyclin E1, polo-like kinase 2 (Plk2/SNK) and the cyclin-dependent kinase inhibitor p21 (Fig. 5C ). To rule out an effect of PP2 on transcription or RNA stability, we compared the levels of these mRNAs in the polysome fractions with those in total RNA obtained from the same cells. For all four transcripts, we observed a specific reduction in the polysome fractions with none or minimal reduction in total RNA levels ( Fig. 5C  and D) . Thus, SFK activity specifically modulates translation of these mRNAs during QGP-1 cell adhesion. Furthermore, PP2 treatment caused a decrease in cyclin D1, cyclin E1 and p21 protein levels (Fig. 5E ), indicating that translational regulation was sufficient to affect protein concentration in PET cells. Lastly, rapamycin caused a similar decrease in cyclin D1, cyclin E1 and p21 protein levels (Fig. 5E ), further supporting a function for mTOR in SFK-regulated mRNA translation. These results suggest a novel role for SFKs in regulating the synthesis of cell cycle proteins through activation of mTOR. -GTP-sepharose pull-down assay of extracts from adhering QGP-1 cells (120 min). Western blot analysis of eIF4E, eIF4G, and 4E-BP1 as indicated. Cell extracts were also analysed p-rpS6 and ERK2 staining was used as loading control. Densitometric analysis of the amount of eIF4G or 4E-BP1 proteins bound to eIF4E in m 7 -GTP-sepharose pull-down assay is shown in lower panels.
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SFK inhibition represses mTOR activity without activation of the AKT survival pathway
Since SFKs modulate mTOR-dependent synthesis of cell cycle-related proteins in QGP-1 cells, we tested whether concomitant inhibition of SFK and mTOR pathways reduced PET cell proliferation. When QGP-1 cells were treated with PP2 and RAD001, a clinically tested mTOR inhibitor, cell growth was only modestly inhibited by either drug alone (Fig. 6A) . However, when the inhibitors were supplied together, they synergistically reduced cell proliferation (Fig. 6A) . A similar effect was also observed in BON-1 cells, which were more sensitive to both PP2 and RAD001 compared with QGP-1 cells (Supplementary figure 5A, see section on supplementary data given at the end of this article). These results suggest a cooperation between the SFK and mTOR pathways in PET cell proliferation.
The application of mTOR inhibitors to suppress cancer cell growth is limited by the feedback activation of escape mechanisms through phosphorylation of the PI3K/AKT survival pathway (Wan et al. 2007 ).
Since AKT can be activated independently by mTOR and SFKs (Lu et al. 2003 , Huang & Manning 2009 ), we asked whether inhibition of SFK activity could block mTOR and prevent activation of the AKT pathway at the same time. First, QGP-1 and BON-1 cells were starved by serum depletion and then stimulated by addition of FBS for 30 min. Under these conditions, serum caused activation of mTOR, as indicated by the increase in rpS6 phosphorylation and in the slower migrating forms of 4E-BP1 (Fig. 6B and Supplementary figure 5B, see section on supplementary data given at the end of this article). Phosphorylation of Src was also increased by FBS, and RAD001 further augmented both phosphorylation of Src and AKT, indicating activation of growth pathways after inhibition of mTOR in PET cells. Treatment with PP2 partially repressed rpS6 phosphorylation in QGP-1 cells, compared with full inhibition by RAD001 (Fig. 6B) , indicating that SFKs participate to activation of the mTOR pathway in the short-term response to serum. We also found that, unlike RAD001, PP2 repressed phosphorylation of AKT induced by FBS in both PET cell lines. Importantly, concomitant treatment with the two inhibitors completely suppressed activation of the mTOR pathway without causing activation of AKT with respect to control QGP-1 and BON-1 cells ( Fig. 6B and Supplementary figure 5B, see section on supplementary data given at the end of this article). Long-term inhibition of mTOR (4 or 24 h) also triggered phosphorylation and activation of AKT in QGP-1 cells (Fig. 6C) , as previously reported in other cell types and in vivo during clinical trials (Phung et al. 2007 , Meric-Bernstam & Gonzalez-Angulo 2009 . As observed for the short-term stimulation (Fig. 6B) , treatment with RAD001 increased phosphorylation of Src (Fig. 6C) . Moreover, long-term treatment of QGP-1 cells with PP2 concomitantly repressed the mTOR pathway and AKT phosphorylation (Fig. 6C) . This result suggested that SFK-dependent activation of AKT during mTOR inhibition underlies the synergistic Endocrine-Related Cancer (2011) 18 541-554
www.endocrinology-journals.org effect PP2 and RAD001 on QGP-1 proliferation (Fig. 6A) . To directly test this hypothesis, we examined activation of AKT in cells treated with PP2 and RAD001 in combination. Remarkably, co-treatment of QGP-1 cells with RAD001 and PP2 led to complete inhibition of mTOR while preventing activation of the AKT pathway (Fig. 6C) . Importantly, inhibition of Src activity by PP2 also completely suppressed the ability of QGP-1 cells to migrate and colonise a scar in the dish, whereas RAD001 only exerted a small effect on cell migration (Fig. 6D) . These results suggest that concomitant inhibition of the mTOR and SFK pathways might strongly impair PET cell proliferation by suppressing protein synthesis while preventing activation of the PI3K/AKT pathway.
Expression of p-Src and 4E-BP1 in PET samples
Our previous study indicated that Src is up-regulated in PET samples compared with normal islet cells (Di Florio et al. 2007) . Activation of some components of the mTOR pathway was also observed in PETs (Missiaglia et al. 2010) , and mutations in the genes of this pathway have been recently found in PET patients (Jiao et al. 2011) . To test whether Src and mTOR were activated in PET patients, we performed western blot and IHC. Analysis of proteins extracted from six primary PET lesions indicated that Src phosphorylation was increased in all patients, with respect to normal pancreatic tissue and adenocarcinoma cells (Fig. 7A) . The mTOR activity was also increased in four of these patients, as indicated by phosphorylation of 4E-BP1, whereas no detectable phosphorylation was observed in the remaining two samples (Fig. 7A) . To extend these observations to a larger number of patients, we performed IHC analysis of a PET TMA containing specimens from 31 patients, whose clinical and pathological data had been recorded. Staining for total 4E-BP1 was positive in 30/31 analysed cases (cores for one patient were considered not reliable; Fig. 7B and C) . Twenty-six cases (83%) showed diffuse staining of most cells (group B, see Materials and methods), whereas four cases (13%) showed a small percentage of positive cells (group A). In most cases staining was mainly cytoplasmic, although nuclear staining was also visible. Intensity of total 4E-BP1 staining was not associated with any clinical or pathological data. Staining for the p-4E-BP1 was positive in 12/31 (38.7%) cases analysed ( Fig. 7B and C) , with ten samples belonging to the group A. Staining was both nuclear and cytoplasmic in 8/12 cases, only nuclear in 2/12 and only cytoplasmic in 2/12. A worse prognosis was observed in patients with p-4E-BP1 staining (log-rank test PZ0.014; Fig. 7D ). Staining for p-4E-BP1 was associated with worse survival of patients in a Cox proportionalhazards regression model too. Univariate (hazard ratio (HR) 3.8; 95% confidence interval (CI) 1.2-12.3; PZ0.04) and multivariate (HR 6.5; 95% CI 1.6-26.3; P!0.0001) analyses showed statistical significance, suggesting that phosphorylation of 4E-BP1 is an independent marker of poor prognosis in PETs. Other factors significantly associated with poor survival were primary tumour size (HR 1.01; 95% CI 1-1.03 per each mm, PZ0.03), a Ki67 index O5% (HR 3.1; 95% CI 1-9.4; PZ0.04) and metastatic disease at diagnosis (HR 9.7; 95% CI 3.1-30.2; PZ0.0002).
Staining for total Src was positive in 12/31 (38.7%) cases ( Fig. 7B and C) , five were included in group A and seven in group B, without correlation with clinical and/or pathological data. Staining for p-Src was positive in 7/32 (21.8%) cases ( Fig. 7B and C) , six were included in group A and one in group B. As expected, immunostaining was detected only in the cytoplasm or at the plasma membrane. Of the seven patients positive for p-Src, four (57%) were also positive for p-4E-BP1, while only 28% of those negative for p-Src were positive for p-4E-BP1. Nevertheless, this difference was not statistically significant, possibly due to the relatively low sample size, nor a significant correlation between the two IHC staining was found. Staining for p-Src was not associated with clinical data nor with survival of the patients.
Discussion
In this study, we have identified a new role for SFKs in the regulation of the mTOR pathway and mRNA translation in PET cells. Our results clearly show that activation of SFKs during cell adhesion, an Src-dependent process with strong relevance for cancer cell invasiveness, stimulates the mTOR pathway and leads to increased protein synthesis in PET cells. Notably, inhibition of SFK activity blocked the mTOR pathway without triggering activation of survival pathways stimulated by mTOR inhibitors in cancer cells. Moreover, concomitant treatment with SFK and mTOR inhibitors synergistically reduced PET cell proliferation.
Profound changes in cellular cytoskeleton occur during cell adhesion, spreading and migration. These processes are often activated in cancer cells and promote invasion of neighbouring tissues and spreading of metastatic lesions. SFK activity is strictly required for these processes in PET cells (Di Florio et al. 2007 ). Our studies, using two unrelated SFK inhibitors (Bain et al. 2007) , depletion of the endogenous Src, and up-regulation of a dominantnegative mutant of the kinase, now link SFK activity with regulation of the mTOR pathway during cell adhesion. Importantly, cell adhesion, together with changes in cell morphology, triggers activation of mRNA translation (Gorrini et al. 2005 ). This process is regulated at the initiation step by mTOR through phosphorylation of S6K and 4E-BP1 (Hay & Sonenberg 2004) . We found that SFK activity is required to direct activation of mTOR at the cell periphery, nearby sites of actin cytoskeleton turnover. Thus, our results support a model in which activation of SFKs during adhesion couples morphological changes in the cell with activation of mRNA translation. Few reports have suggested a role for SFKs in translational regulation. For example, Src regulates translation of the actin mRNA in lamellipodia of migrating cells through phosphorylation of the RNA-binding protein ZBP1 (Huttelmaier et al. 2005) . However, this regulation did not involve the mTOR/ eIF4F pathway. A potential regulation of mTOR was instead proposed for the Src substrate focal adhesion kinase (FAK) (Thamilselvan et al. 2007) , whose overexpression causes phosphorylation and inhibition of the mTOR negative regulator TSC2 (Gan et al. 2006) . Our work now extends these studies and proposes a novel and more general contribution of SFKs in the regulation of the mTOR pathway and mRNA translation during adhesion. We focused our attention on Src because it is the most abundant and active SFK in QGP-1 cells (Di Florio et al. 2007 ). However, since SFKs share substrates and co-localise at the cell periphery (Frame et al. 2002) , it is possible that other family members substitute Src in the regulation of the mTOR pathway during adhesion in other cancer cells.
Recent studies showed that mTOR activity modulates actin cytoskeleton remodelling and cell motility (Liu et al. 2010 ). This control is partially associated with post-transcriptional regulation of the expression of small GTPases (Liu et al. 2010) . However, in our study inhibition of mTOR by RAD001 did not affect QGP-1 cell adhesion and exerted a very modest effect on their migration. On the other hand, our microarray results indicate that SFK activity is responsible for translational activation of a subset of mRNAs encoding for cell cycle proteins during cell adhesion. We suggest that adhesion activates a mitogenic programme that predisposes PET cells to proliferate. This regulation is exerted at the level of mRNA translation, presumably at sites of Endocrine-Related Cancer (2011) 18 541-554 www.endocrinology-journals.org first contact with the matrix, through SFK-dependent activation of mTOR. Thus, adhering QGP-1 cells might be addressed towards replication by the same pathway that regulates their contact and attachment to the extracellular matrix. However, since SFKs also regulate intracellular secretory pathways and PET cells produce and secrete hormones and growth factors leading to autocrine cell proliferation, it is also possible that inhibition of SFKs contributes to repress autocrine signals that in turn modulate mTOR.
Activation of the mTOR pathway is a common feature in cancer (Averous & Proud 2006 , Meric-Bernstam & Gonzalez-Angulo 2009 , including PETs (Capurso et al. 2009 , Missiaglia et al. 2010 , providing support for therapeutic application of mTOR inhibitors. Encouraging data have been obtained in preclinical studies employing the mTOR inhibitor rapamycin on PET cell lines (Zitzmann et al. 2007) . Clinical trials with the rapamycin analogues temsirolimus and everolimus (RAD001) in NETs also showed promising results (Capurso et al. 2009 , Meric-Bernstam & Gonzalez-Angulo 2009 , Yao et al. 2009 , with a response rate around 80% in patients with advanced, progressive PETs and previous failure of chemotherapy (Yao et al. 2009 ). Everolimus also elicited an increased progression-free survival in patients compared with placebo treatments (Yao et al. 2011 ). On the negative side, however, these compounds almost invariably lead to feedback survival responses that trigger activation of PI3K and AKT (Wan et al. 2007) , thereby limiting their clinical application (Phung et al. 2007 ). This unwanted response has been observed in studies by PET models (Zitzmann et al. 2007 ) and other tumour types (Wan et al. 2007) , as well as in clinical trials evaluating mTOR inhibitors (Phung et al. 2007) . The activation of escape pathways in tumours cells exposed to targeted therapies have raised interest in the development of combined treatments. In this regard, the recent observation that SFK activity is responsible for the acquired resistance to trastuzumab and tamoxifen in breast cancer cells has opened a new path to control cancer progression (Zhang et al. 2011 ). Our work now shows that inhibition of mTOR by RAD001 results in activation of Src in PET cells, and that prevention of this effect by PP2 also blocks feedback activation of AKT by RAD001. In this scenario, our observation that SFK inhibitors synergise with RAD001 in suppressing PET cell proliferation might open new perspective for the use of mTOR inhibitors. Furthermore, inhibition of Src has profound effects on PET cell motility and adhesion (Di Florio et al. 2007) , suggesting that targeting Src might also strongly impair the invasive potential of PET cells.
The analysis of human PET samples by western blot and IHC indicated that Src and the mTOR substrate 4E-BP1 are expressed and phosphorylated in some patients. In line with observations in other tumour types (Armengol et al. 2007) , we found that phosphorylation of 4E-BP1 represents an independent factor associated with worse prognosis in PET patients. Notably, analysis of a large number of NET samples showed that expression and phosphorylation of 4E-BP1 is more frequent in foregut NETs, which include PETs, than in midgut NETs. Similarly to our results, phosphorylation of 4E-BP1 seems to identify more 'aggressive diseases', as it was correlated with a higher proliferation index (Jiao et al. 2011) . We also tested the possibility that Src and mTOR activity correlated in PET specimens. Although most cases showing p-Src immunoreactivity were also positive for p-4E-BP1, this correlation lacked statistical significance, possibly due to the relatively small number of evaluated samples. On the other hand, it is also possible that Src-dependent activation of the mTOR pathway occurs only in a subset of PET patients, as mutations in the mTOR pathway have been found in a quota of PET patients and might account for Src-independent phosphorylation of 4E-BP1. Larger studies with a higher number of patients will be required to establish a firm connection between phosphorylation of Src and 4E-BP1 in PET progression.
In conclusion, our results identify a new connection between the SFK and mTOR pathways in PET cells, which sustains protein synthesis and cell proliferation. Importantly, inhibition of SFK activity prevents the up-regulation of survival escape pathways by mTOR inhibitors in PET cells. These observations suggest that SFK inhibitors might be considered for future preclinical and clinical investigations in combination with mTOR inhibitors.
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